Purpose: Due to the current interest in MRI-guided radiotherapy, the magnetic properties of the materials commonly used in radiotherapy are becoming increasingly important. In this paper, mea-surement results for the magnetization (BH) curves of a range of sintered heavy tungsten alloys used in radiation shielding and collimation are presented.
I. INTRODUCTION
In recent years, the development of new modalities utilising the strengths of MRI de-45 vices for the benefit of better radiotherapy treatment has gained substantial interest. Active research in the field of MRI-guided radiotherapy is currently underway, with the first prototypes already constructed [1] [2] [3] . In this process, one major challenge to overcome is the magnetic interference between the MRI device and the hardware components of the radiotherapy treatment system which, historically, were not designed to be operated in a magnetic 50 field. Hence, a characterisation of the magnetic properties of the materials used is essential, i.e. their magnetization or BH curves need to be known in order to predict the magnetic impact. While this information can be readily found in the literature for standard ferromagnetic materials, such as iron, nickel and common alloys of these, there is no publicly available data for the BH curves of so-called sintered heavy tungsten alloys. These alloys typically 55 contain > 90 % tungsten (by weight); the remaining < 10 % are made up by copper, iron and nickel which serve as a binder matrix to increase ductility and machinability [4] . Due to their unique combination of high density, mechanical strength, good machinability and non-toxicity[5], they are widely used for radiation shielding and collimation purposes (e.g. in MLC's). In this note, the magnetization curves of eight grades of commercially avail-60 able sintered heavy tungsten alloys have been determined experimentally with a SQUID magnetometer.
II. METHODS AND MATERIALS
A. Sintered heavy tungsten alloy samples Table I lists the eight samples of sintered heavy tungsten alloys the magnetization curves 65 of which were experimentally determined. The samples were provided by the two distributors Midwest Tungsten Service [6] and Wolfmet [7] . The selected grades differed in elemental composition, with an iron content varying from 3 % down to 0 %. The three iron-free samples contained between 6 % and 3.5 % of the relatively less-ferromagnetic nickel. The F x N x sample was cut from a decommissioned Varian Millennium 120 MLC leaf. Although the 70 exact elemental composition was unknown, obtaining the BH curve of this sample was of particular interest due to its widespread use in MLC's. The two samples referred to as of the MLC-leaf sample had already been determined in a related research project where the step widths in the measurement sequence were slightly different [8] . Since sampling the magnetization curves with the exact same point density was not necessary for this work, the 90 previously obtained data was used (see Table II in the supplemental data).
C. Data analysis
The magnetic moment m was normalized by the sample volume, yielding the volumeindependent magnetization M . In materials of finite length, magnetic poles are generated near the ends of the sample which gives rise to a demagnetizing field H d opposing the applied 95 field H 0 [9] :
where the constant of proportionality N d is called demagnetizing factor. For the demagnetizing factor, the approximate expression N d = 1/(2n + 1) for a uniformly magnetized rectangular rod was used [10] . The dimensional ratio n was 1 for our cubic samples. Sub-100 traction of the demagnetizing field H d from the applied field H 0 yields the internal field
Then, the magnetic flux density B was derived according to the fundamental relation
where µ 0 is the vacuum permeability [9] .
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D. Error analysis
The SQUID magnetometer provides the values for the applied magnetic field with a relative accuracy of 
115 and
where the two neglected terms associated with σ m and σ H were more than 10 2 times smaller compared to the dominant terms associated with σ l and σ M , respectively. Essentially, the accuracy of the experimental data is limited by the uncertainty in the edge lengths. The magnetization M measured in the H-field range of 0 − 8 × 10 5 A/m is shown in Fig.   1 (a) and the corresponding BH curves in Fig. 1(b) . As a general trend in Fig. 1(a) Independent of their respective nickel content, no measurable magnetization was found for any of the three alloys without iron, which is in agreement with the results for a measured W-Ni-Cu heavy tungsten alloy found in the literature [12] . These findings suggest that a 135 nickel content of up to 6 % is uncritical with regards to magnetic properties and such alloys may be used in environments with magnetic fields without concern.
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III. RESULTS AND DISCUSSION
The two samples with identical quoted nominal elemental composition, F 1.5 N 3.5 and F 1.5 N 3.5 , follow a similar course, however are not in perfect agreement: A maximum relative difference in M of 16 % is observed at low H which levels off at about 11 % in the 140 regime of magnetic saturation. This discrepancy relates to a maximum difference of 9 % in the initial section of the corresponding BH curves (Fig. 1(b) ). Above magnetic sat- sintering may also play a part. In the literature, differences in the magnetization curves for two samples with identical elemental composition (but one in as-sintered, the other in cold-worked condition) have been reported [13] and support this claim. No further steps were undertaken to identify how big a role each of these factors plays in the examined samples as this was not within the scope of this work. However, regardless of which is the 160 dominant factor, the observed difference makes clear that, whenever accurate knowledge of the magnetic properties is crucial, a reference BH curve for an alloy with the same quoted nominal composition may not be sufficient to predict the magnetic impact of sintered heavy tungsten alloys from other manufacturers or even another batch of the same manufacturer.
Instead, BH curves should ideally be measured for each individual batch of heavy tungsten 165 alloys in such cases.
IV. CONCLUSION
Through the measurement of the magnetization curves of eight sintered heavy tungsten alloys, it could be shown that the magnetic properties of sintered heavy tungsten alloys strongly depend on the iron content of the alloys, whereas the addition of up to 6 % of nickel 170 in the absence of iron led to no measurable effect. Furthermore, the observed difference in the BH curves for two samples with identical nominal composition but from different manufacturers indicates that the BH curve should be measured for each individual batch of heavy tungsten alloys whenever accurate knowledge is crucial. Using these BH curves as input for FEM simulations to predict the magnetic impact of sintered heavy tungsten alloys 175 will be a great help in the development of new MR-based imaging and treatment modalities in radiotherapy.
V. SUPPLEMENTAL DATA
See Table II below for the measurement data.
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